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Abstract
Traumatic brain injury (TBI) leads to changes in ion fluxes,
alterations in mitochondrial function, and increased genera-
tion of reactive oxygen species, resulting in secondary tissue
damage. Mitochondria play important signaling roles in co-
ordination of multiple metabolic platforms in addition to their
well-known role in bioenergetics. Mitochondrial signaling
strongly depends on cardiolipin (CL), a mitochondria-specific
structurally unusual anionic phospholipid containing four fatty
acyl chains. While our previous reports indicated that CL is
selectively oxidized and presents itself as a target for the
redox therapy following TBI, the topography of changes of
CL in the injured brain remained to be defined. Here, we
present a matrix-assisted laser desorption/ionization imaging

study which reports regio-specific changes in CL, in a
controlled cortical impact model of TBI in rats. Matrix-
assisted laser desorption/ionization imaging revealed that
TBI caused early decreases in CL in the contusional cortex,
ipsilateral hippocampus, and thalamus with the most highly
unsaturated CL species being most susceptible to loss.
Phosphatidylinositol was the only other lipid species that
exhibited a significant decrease, albeit to a lesser extent
than CL. Signals for other lipids remained unchanged.
This is the first study evaluating the spatial distribution of
CL loss after acute brain injury. We propose that the CL loss
may constitute an upstream mechanism for CL-driven
signaling in different brain regions as an early response
mechanism and may also underlie the bioenergetic changes
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that occur in hippocampal, cortical, and thalamic mitochon-
dria after TBI.

Keywords: cardiolipin, hippocampus, imaging mass
spectrometry, lipids, thalamus, traumatic brain injury.
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Acute brain injury from trauma affects more than 1.5 million
people every year in the United States alone (Mussack et al.
2002; Faul et al. 2010; Centers for Disease Control and
Prevention 2013). Progress in management of critically
ill neurological patients has led to improved survival rates
after traumatic brain injury (TBI); however, only ~ 40% of
patients sustaining severe TBI will attain either moderate or
good recovery in their long-term follow-up (Mussack et al.
2002; Faul et al. 2010; Centers for Disease Control and
Prevention 2013). The lifelong cost for continued care of a
moderately to severely disabled person can exceed millions
of dollars (Mussack et al. 2002; Faul et al. 2010; Centers for
Disease Control and Prevention 2013). Therapies that
prevent morbidity improve neurological outcome and quality
of life in victims of TBI that are desperately needed. Studies
in experimental TBI revealed that the cortex, hippocampus,
and thalamus are selectively vulnerable to injury (Colicos
et al. 1996; Tang et al. 1997; Sato et al. 2001; Geddes et al.
2003). Previous studies reported alterations in the lipid
profile as an important contributor to this vulnerability and
the evolution of secondary damage in TBI (Lewen et al.
2000; Bazan 2006; Hall et al. 2010). Subsequent to this,
other studies have provided essential information on the
spatial distribution of the altered lipid profile in response to
traumatic brain injury, blast injury, and ischemia/reperfusion
injury (Hankin et al. 2011; Woods et al. 2013; Roux et al.
2016) using imaging mass spectrometry. However, while the
above studies focused on changes in sphingolipids/ce-
ramides, sulfatides, gangliosides, diacylglycerols, and phos-
pholipids which included phosphatidylethanolamine (PE),
phosphatidylinositol (PI), and phosphatidylcholine (PC),
they did not evaluate the spatial distribution of cardiolipin
(CL). This information is important for the design and
development of targeted therapies and evaluating their
efficacy in TBI.
TBI occurs as a consequence of a direct mechanical

impact, causing the brain to move rapidly within the cranium
leading to tissue injury. As a consequence of membrane
rupture at the site of impact and its immediate environment,
there emerges an imbalance in the ionic equilibrium on post-
synaptic membranes altering fluxes of K+, Na+, and Ca2+

ions, complicated by the pre-synaptic release of neurotrans-
mitters and disorganized metabolic responses that may last
from minutes to days (Werner and Engelhard 2007; Prins
et al. 2013). Changes in cerebral blood flow and intracranial
pressure also contribute substantially to tissue damage from

the initial trauma (Werner and Engelhard 2007; Prins et al.
2013). Ineffective attempts by ionic pumps to reinstate the
ionic homeostasis lead to ATP depletion causing an energy
crisis, thus demanding increased respiration rates, resulting
in elevated rates of electron flow through mitochondrial
complexes (Werner and Engelhard 2007; Prins et al. 2013).
This leads to increased production of reactive oxygen
species contributing to further damage within mitochondria
(Werner and Engelhard 2007; Cheng et al. 2012; Prins et al.
2013).
Similar imbalances in ionic equilibrium, mitochondrial

dysfunction, and oxidative damage have been reported after
cerebral ischemia (Bazan 1992; Chen et al. 2011) and
traumatic injury to spinal cord (Azbill et al. 1997; Obren-
ovitch and Urenjak 1997; Stys and Li 1999; Sullivan et al.
2007). Indeed, reactive oxygen species (ROS), such as
peroxynitrite and reactive aldehydes derived from the perox-
idation of lipids, have been shown to be involved in the
mitochondrial dysfunction associated with spinal cord injury
and TBI (Xiong and Hall 2009; Vaishnav et al. 2010). As a
result, numerous studies have demonstrated varying degrees
of mitochondrial protection by scavenging lipid peroxyl
radicals or using a variety of antioxidants and mitochondrial
uncoupling agents (Mu et al. 2002; Jin et al. 2004; McEwen
et al. 2007, 2011; Patel et al. 2009, 2010, 2012, 2014;
Mustafa et al. 2010; Bains and Hall 2012).
In response to various forms of cellular insults which result

in mitochondrial dysfunction, cells attempt to eliminate their
depolarized and damaged mitochondria by employing a
specialized type of autophagy, namely mitophagy – which, if
successful, represents a rescue pathway (Kim and Lemasters
2011). Mitophagic signaling engages specialized lipid
signaling whereby a unique mitochondrial phospholipid,
cardiolipin (CL, Ptd2Gro), gets translocated to the surface of
the outer membranes and acts as an ‘eat-me signal’ (Chu
et al. 2013). If mitophageal efforts are insufficient, the
apoptotic program is activated to eradicate the cell. In this
program, CL, more accurately its oxidation products, are
involved as required executioners of the apoptotic program
(Kagan et al. 2005). CL oxidation is catalyzed by an
intermembrane space heme-protein, cytochrome c (cyt c).
While cyt c normally acts as a shuttle of electrons between
respiratory complexes III and IV, in depolarized mitochon-
dria, it switches to become a CL-specific peroxidase thus
contributing to the production of a variety of oxygenated
lipid mediators (Kagan et al. 2005; Tyurina et al. 2014).
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Thus, CLs are involved – as key signaling mechanisms – in
responses of damaged neurons to mechanical trauma.
CLs (1,3-bis(sn-30-phosphatidyl)-sn-glycerol) are struc-

turally unusual anionic phospholipids as they contain two
phosphatidyl groups (linked to a glycerol backbone) and four
fatty acyl chains. In eukaryotic cells, mitochondrial CLs
contain predominantly long carbon chains (from C16 to C22)
that are polyunsaturated (from 2 to 6 double bonds).
Importantly, these polyunsaturated fatty acids (PUFA) are
readily oxidizable leading to the formation of numerous CL
oxidation (CL-ox) products. CLs exist in low abundance
compared to other phospholipids and are confined predom-
inantly to the inner leaflet of the inner mitochondrial
membrane, yet they play a central role in the life and death
of cells. They associate with various components of the
electron transport chain and are critical for overall mito-
chondrial bioenergetic function and are also partially
responsible for maintaining mitochondrial architecture, giv-
ing the inner mitochondrial membrane its characteristic high
degree of curvature (Hoch 1992; Schlame 2008; Kagan et al.
2009; Claypool and Koehler 2011; Osman et al. 2011; Rosca
et al. 2011; Wirtz and Schuelke 2011; Winge 2012; Bazan
et al. 2013). It is believed that these structural roles of CLs
are fully met by the homoacylated species of CLs, such as
tetralinoleoyl-CL, leading to its dominant presentation in
mammalian tissues with high bioenergetic demands (e.g.,
heart, skeletal muscles) (Schlame et al. 1993). In contrast,
high diversification is characteristic of tissues where the
signaling functions of CLs are of critical importance
culminating in more than 300 species in the brain (Bayir
et al. 2007; Ji et al. 2012). This high degree of acyl chain
diversification in CL was shown in an earlier report, whereby
saturated fatty acids (SFAs), monounsaturated fatty acids, n-
3 PUFAs, and n-6 PUFAs represented 20.2, 25.6, 23.5, and
30.7 mol % of the fatty acyl chain composition of total brain
CL in the mice, respectively (Ellis et al. 2005). Interestingly,
in mice lacking a-synuclein, CLs acyl chain composition was
increased in SFA (51%) and decreased in n-6 PUFA (25%,
Ellis et al. 2005). These changes were accompanied by a
decrease in linked complex I/III electron transport chain
(ETC) activity with no changes in individual complex
activities noted. These results further support the importance
of brain CL acyl chain diversity in bioenergetics and
signaling in normal and pathological states.
While the diversity of CL species has been firmly

established for the whole brain, surprisingly, the distribution
and abundance of different CL species in different anatom-
ical areas of the brain and their vulnerability to TBI-induced
damage remain poorly characterized. This is mostly because
of the low abundance of CL which is composed of multiple
species. While our previous reports indicated that CL is
selectively oxidized following TBI and presents itself as a
target for the redox therapy of brain injury (Ji et al. 2012),
the regional/spatial changes within damaged brain tissue with

regard to this critical phospholipid remained undetermined.
Here, we utilized our previously published protocol which
employs a combination of enzymatic and chemical modifi-
cations on tissue in conjunction with matrix-assisted laser
desorption/ionization (MALDI) mass spectrometry (Sparvero
et al. 2010, 2012; Amoscato et al. 2014) to allow for
successful mass spectrometric imaging of CL in brain tissue
from a controlled cortical impact (CCI) TBI model. We
demonstrate, for the first time, dramatic decreases in CL
content in the contusional (cortical) area as well as in
hippocampal and thalamic regions that are further removed
from the site of injury.

Materials and methods

Reagents

Chloroform and ethanol (HPLC grade) were purchased from Sigma-
Aldrich (St. Louis, MO, USA). Methanol was liquid chromatogra-
phy-mass spectrometry (LC-MS) grade from Fisher Scientific
(Pittsburgh, PA, USA). 2-(4-Morpholino)ethane sulfonic acid was
BioReagent grade also from Fisher Scientific. Water was purified by
a milliQ system (EMD Millipore, Billerica, MA, USA). 1-ethyl-3-
[3-dimethylaminopropyl]carbodiimide hydrochloride (EDC) was
purchased from Thermo Scientific/Pierce Biotechnology (Rockford,
IL, USA). Phospholipase C (PLC) from Bacillus cereus, ammonium
acetate, and 2,5-dihydroxybenzoic acid were also purchased from
Sigma-Aldrich.

Animals and tissue preparation

All procedures were pre-approved and performed according to the
protocols approved by the Institutional Animal Care and Use
Committee of the University of Pittsburgh. TBI was induced by CCI
to the left parietal cortex in three 17-day-old male Sprague–Dawley
rats (Harlan, Indianapolis, IN, USA) as described previously (Ji
et al. 2012). A metal pneumatically driven 6 mm impactor tip was
used (impact velocity 4.0 � 0.2 m/s, penetration depth 2.5 mm).
Three naive 17-day-old male rats were used as controls. The brains
were harvested 3 h after injury and immediately frozen in liquid
nitrogen with neither fixation nor embedding, and stored at �80°C
until sectioning. Brain tissue was affixed to a cryotome block with
minimal Tissue-Tek OCT (Sakura FineTek USA, Torrance CA,
USA). The blade and working surfaces of the cryotome were
cleaned with methanol immediately prior to cutting, and at no time
did the blade come into contact with the OCT. Six consecutive
10 lm coronal brain sections were cut at �21°C in the following
order for: (i) MALDI-imaging mass spectrometry (IMS), (ii) H&E,
(iii) MALDI-IMS, (iv) immunohistochemistry (IHC), (v) MALDI-
IMS, (vi) lipid extraction. This sequence was repeated from Bregma
�2.3 mm to Bregma �3.2 mm (Paxinos and Watson 1982).
Sections for MALDI-IMS were applied to cold histology slides
coated with a conductive indium-tin oxide surface (Delta Technolo-
gies LTD, Loveland, CO, USA), while other sections were applied
to plain glass slides. This order allowed us to produce serial sections
for ratiometric imaging of CL and semi-serial sections for H&E and
the analysis of other lipid species. Lipid extraction from 5.0 mg of
dried tissue sections on glass slides was performed using a modified
Folch method as described previously (Folch et al. 1957). Total
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lipid extracts were dried under a steady stream of grade 5.0 N2, then
dissolved in 2 : 1 chloroform : methanol to a total volume of
200 lL, and stored at �80°C prior to use.

For CL imaging, the tissue was prepared as previously described
(Amoscato et al. 2014). Briefly, the tissue was first treated with
500 mM EDC in 2-(4-Morpholino)ethane sulfonic acid buffer
(100 mM, pH 3.7) for 2 h at 24°C, then washed with 50 mM
ammonium acetate buffer, pH 6.7 (200 lL per wash). The tissue was
then treated with phospholipase C (0.005 units) for 15 min at 37°C
in ammonium acetate buffer (50 mM, pH 6.7). The tissue was then
washed again with ammonium acetate buffer as described above.
After the chemical/enzymatic treatments, the tissue was vacuum
dried (2 h). 2,5-dihydroxybenzoic acid solution (Sigma-Aldrich) was
used as the matrix at 0.5 M in 2 : 1 chloroform : methanol with
internal calibrants consisting of tetramyristoylcardiolipin and sphin-
gomyelin (d18:1/12:0; Avanti Polar Lipids, Alabaster, AL, USA) at 5
and 20 lM, respectively. The matrix was applied using an aerosol
device constructed in-house (Amoscato et al. 2014) and housed in a
PCR chamber (Coy Laboratories, Grass Lake, MI, USA) inside a
fume hood in order to minimize variability from airflow cross-
currents. The nozzle height was 120 mm with a spray time of 10 min
without interruption at a flow rate of 2400 lL/h.

Mass spectrometry analysis

MALDI time-of-flight – MS and IMS – analyses were performed
using an ABI 4800 mass spectrometer equipped with an N2 laser
(AB Sciex, Framingham, MA, USA). Indium-tin oxide slides were
fitted to the MALDI target with an AB 4800 Slide Glass Guide for
two pieces (Hudson Surface Technology, Old Tappan, NJ, USA).
All imaging was performed at a 200 lm lateral resolution with
random walking every 50 laser shots. Using the instrument control
software (AB Sciex), the laser attenuations value was set to 6100
arbitrary units. Three hundred shots were acquired per imaging
location except for reflector-positive mode which used 100 shots.
The mass analysis range was m/z 400–2000 in reflector-positive
mode and 700–2000 in reflector-negative mode. For MS1 imaging,
three tissue sections were imaged from each animal (two untreated
analyzed with reflector-positive and -negative modes and one treated
with EDC-PLC analyzed with reflector-negative mode). The
negative-mode MS/MS imaging was performed on two additional
EDC/PLC-treated sections from two out of the three animals and the
mass windows were centered on the cardiolipin clusters at m/z 1448
(72-carbon CL) and 1476 (74-carbon CL) and was set at 20 Th to
allow only species from that particular cluster. A grid of 200 lm
coordinate locations covering the entire tissue section was generated
on an Excel worksheet and imported into the MALDI control
software as a custom plate type and spot set. Spatial locations for
MALDI-IMS were determined by co-registering fiducials on optical
images acquired from a microscope prior to matrix deposition. This
spot set was run in batch mode to generate an array of t2d spectrum
files. These files were converted to mzXML format using the t2d
converter (downloaded from www.pepchem.org/download/con-
verter.html) that uses OpenMS tools (Sturm et al. 2008). The data
conversion requires Microsoft Windows 7 (www.microsoft.com)
and Oracle Java (www.java.com). These mzXML files were then
converted to mzML format with ProteoWizard (Chambers et al.
2012). A datacube in imzML format (Schramm et al. 2012) was
then generated from these individual mzML files with imzML

Converter (Race et al. 2012). Finally, the MALDI images were
generated from the imzML datacube with MSI Reader v0.06
(Robichaud et al. 2013) using the following settings: total ion
current (TIC) normalization, zero-order interpolation, intensity
summing at 0.5 Da windows centered on the exact mass, jet heat
map. For a detailed explanation regarding spectra acquisition and
data conversion for td2 files on the ABI-4800 MALDI instrument,
see Appendix S1.

MALDI-MS data analysis

Images are displayed as ion spatial distributions with intensities
relative to the given ion (0% to 100% for all images). Using H&E-
stained semi-serial sections and a rat brain atlas (Paxinos and
Watson 1982) as a guide, areas around anatomical region of
interest (ROIs) were drawn and the intensity information for given
m/z values was exported into a spreadsheet using the ‘ROI
Selection’ and ‘Export Intensity Data’ tools in MSI Reader. Since
the size of the anatomical regions varied slightly between different
animals, the total number of pixels from the ROIs for each animal
varied. Average intensities of an ion within a given anatomical
ROI were calculated and compared as ipsilateral/contralateral ratios
(for CCI) or left/right ratios (for naive) from the same brain
section. Each paired set of ion intensity ratios from a brain
section’s ROI was imported into its own spreadsheet. These ratios
were compiled into naive and CCI-TBI groups. Three CCI animals
and three naive animals were used for determining ratios and a
two-tailed t-test was performed to determine significance of
difference between these two groups for the ratios of the same
ion. A one-way ANOVA (SPSS, IBM, Armonk, NY, USA) was
performed to determine if a significant difference existed in CL
loss between different molecular species within each CCI-TBI
ROI. In order to determine which molecular species of CL showed
significant differences in the amount of ipsi/contralateral loss as
compared to other CL species, Tukey’s post hoc test (SPSS, IBM)
was performed between different molecular species within each
CCI-TBI ROI.

Immunohistochemistry

The slides for IHC were stored at �20°C until they were ready to
be stained. Sections were rehydrated with approximately 500 lL
of phosphate-buffered saline (19 PBS). Chemical fixation in
2% paraformadehyde occurred at room temperature (19°C)
for 20 min. The samples were then washed with approximately
1 mL of 19 PBS. Tissue permeabilization was accomplished via
0.1% Triton (Triton X-100, Cat. #: T-9184; Sigma, St Louis, MO,
USA) detergent at 19°C for 15 min. Samples were washed with
1 mL of 0.5% bovine serum albumin (BSA) (bovine serum albumin
lyophilized, Cat. #: A4503-50G; Sigma-Aldrich). Arbitrary binding
of secondary antibodies was blocked using 20% normal goat serum
(Sera from Normal Goat, Cat. #: G9023-5ML; Sigma-Aldrich) at
19°C for 45 min. Samples were washed with 1 mL of 0.5% BSA.
Primary antibody, TOM20 (Host- Rabbit, Cat. #: sc-11415, working
concentration 5 lg/mL; Santa Cruz Biotechnology, Santa Cruz, CA,
USA) was diluted (1 : 100) in 0.5% BSA followed by incubation at
19°C for 1 h. The samples were then thoroughly washed with a
volume of 3 mL of 0.5% BSA. Incubation with secondary
antibodies goat-anti-mouse Cy3 (Cat. #: 115-165-166, working
concentration 2 lg/mL; Jackson Immuno-Research, West Grove,
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PA, USA) and goat-anti-rabbit Alexa Fluor 488 (Cat. #: A-11034,
working concentration 2 lg/mL; Molecular Probes, Eugene, OR,
USA) diluted (1 : 1000 and 1 : 500, respectively) in 0.5% BSA
followed, at 19°C for 1 h. The samples were then thoroughly
washed with a volume of 3 mL of 19 PBS. Hoechst nuclear stain
(Cat. #: H3570, working concentration 10 lg/mL; Invitrogen,
Carlsbad, CA, USA) was added to the samples and incubated at
19°C for 30–45 s. The samples were then washed with 1 mL of 19
PBS. Gelvatol mounting media was prepared according to a
standard protocol (www.cbi.pitt.edu) and this was used to mount a
cover glass to the slide.

Ratiometric imaging

Sections for ratiometric imaging were labeled with antibodies to
TOM 20 (cat. # sc-11415/A3113; Santa Cruz Biotechnology, Inc.,
Dallas, TX, USA), nuclei counter-stained with Hoescht dye, and
mounted as previously described (Amoscato et al. 2014). Entire
sections were scanned and images were collected using a Nikon 90i
(Melville, NY, USA) upright microscope, 209 dry plan apochromat
objective, and motorized stage. Individual images were stitched
together using Nikon Elements software. To overlay the MALDI-
IMS data with the immunocytochemical data, fiduciary structures
common to the semi-serial IMS and light microscopy images were
identified. The MALDI-IMS images were resized such that the pixel
count matched that of the light microscopy images and images
combined into a single file. Various additive combinations of the
MALDI-IMS images were made and rendered to the same bit depth
(12 bit) as the light microscopy images and ratios calculated for
MALDI-IMS intensity/mitochondrial label intensity. These
images are displayed as monochrome images with a ratio between
0 and 50.

Statistical analysis

Data are expressed as mean � SD as indicated in the figure legends.
Changes in ipsi/contralateral signal intensities for given ion
intensities for control and CCI tissue were analyzed by a two-tailed
Student’s t-test. In addition, CL ion intensities were analyzed by a
one-way ANOVA (SPSS, IBM) and Tukey’s post hoc test (SPSS,
IBM) for comparisons. Differences were considered significant at
p < 0.05.

Results

CL molecular species demonstrate regional specificity in the

brain

Our MALDI imaging protocol resolved 23 isobaric species
of CLs in the brain of control animals (Fig. 1a and b). The
most abundant signals (CL species containing 72, 74, and 76
carbons) corresponded to CLs containing at least one or more
arachidonic acid (AA) fatty acyl chain. A number of the CL
clusters had intensities sufficient for fragmentation analysis
indicating that the majority of the individual molecular forms
were represented by PUFA-CLs, which were thus more
abundant than non-oxidizable saturated and monounsaturated
CLs [see Fig. 1b (top panel) and Table S1]. These MALDI
data were independently confirmed by LC-MS/MS analysis
(Fig. 1c). As in our MALDI-IMS analysis, our LC-MS

analysis indicated a diverse speciation with the CL clusters
containing 72 and 74 acyl carbons (CL 72:X, CL 74:X) as
the prominent clusters (~ 25% each of total CL). This was
followed by CL 76:X (~ 20%) and CL 70:X (~ 11%).
Additional minor CL clusters accounted for the remaining
percentage [78:X (~ 7%), CL 80:X (~ 7%), CL 68:X
(~ 3%), not shown]. Our further detailed MS/MS fragmen-
tation analysis indicated that all possible CL species (to
approximately 94%) have at least one or more PUFA in their
structure which was in line with previously published data
(see Table S1, Bayir et al. 2007; Ji et al. 2012; Amoscato
et al. 2014). Interestingly, this was dissimilar to CLs in many
other mammalian tissues where linoleic acid-containing CL
species dominate (Schlame et al. 1993; Schlame 2008).
Furthermore, we comparatively analyzed the CL specia-

tion in four different anatomical regions of the brain
(Fig. 1b). Overall, we found that signal intensities corre-
sponding to concentrations of some of the CL species varied
in different anatomical areas of the brain. This resulted in
different ‘biochemical’ maps of individual CLs for the
respective areas [e.g., compare heat map of CL (70 : 4) to
that of CL (76 : 12) in Fig. 1a]. This also was reflected in the
intensities of MALDI signals for these respective species
collected from representative areas from each anatomical
region as shown in Fig. 1(b). For example, the signal
intensity of the CL (70:4) species was highest in the
hippocampal area as compared to the cortex and thalamus
and is reflected in the accompanying heat maps. Moreover,
these specific spectra displayed differences from the MALDI
spectra collected from the entire brain. Figure 1(d) displays a
naive H&E-stained optical image with enlargements of
representative areas. In the context of TBI-induced oxidative
stress, these data indicate that the areas with higher levels
of PUFA-CLs may be more vulnerable to oxidative
modifications.

TBI results in decreases in cardiolipin molecular species at

the site of injury and in the hippocampal and thalamic
regions of the brain

CLs were severely decreased in the ipsilateral (impacted)
side of the brain as compared to the contralateral side. This
was most evident in the tissue immediately below the impact
region where all CL species are decreased (compare Figs 1a
and 2a). Intensity ratios for the CCI (ipsilateral/contralateral)
and naive (left/right) samples are shown in Table S2. Ratios
approaching unity indicate no change between regions,
whereas ratios less than unity indicate a decrease in CL
intensity between these regions within the same tissue
section.
Comparison of the intensity ratios from CCI tissue sections

to naive tissue sections at the same Bregma showed that each
of the CL species were significantly lower in the injured
region assessed at 3 h post-injury (as compared to the
identical contralateral region) and lower as compared to the
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same CL species from the naive brain tissue sections
(p < 0.05). Ranges for the CL ratios for the CCI versus
naive contusional region (see Table S2) were as follows: CL,
70 carbon cluster, 0.78–0.81 versus 1.02–1.04; CL, 72
carbon cluster, 0.59–0.73 versus 1.08–1.10; CL, 74 carbon

cluster, 0.46–0.60 versus 1.05–1.13; CL, 76 carbon cluster,
0.50–0.65 versus 1.07–1.1. We also noted a ‘gradient’ effect
with regard to the CL species that were affected with the
greater decreases associated with the more polyunsaturated
CL species (Fig. 3a). This is clearly seen in the negative
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slope associated with the ipsilateral side of the CCI cortex
tissue (contusional) versus the near-zero slope of the adjacent
(non-contusional) cortex (Fig. 4a and b).
We have extended our findings further to include ipsilateral/

contralateral comparisons of three additional regions: (i) a
cortical region adjacent to the area of impact; (ii) the
hippocampus; and (iii) the thalamic region. Comparison of
an adjacent cortical region to the area of impact to an identical
contralateral region indicated that CL intensity ratios remained
unchanged (i.e., ratios approaching unity, Figs 2a, 3b and
Table S2). In addition, no significant CL changes were noted
comparing this area to an identical area on a naive tissue section
of the same Bregma (Table S2).
Interestingly, areas distant to the site of impact, such as the

hippocampal and the thalamic regions, also suffered significant
decreases (p < 0.05) in CL signals on the ipsilateral side as
compared to the contralateral side (compare Figs 1a and 2a),
although no histological evidence of damage was noted
(Fig 2b). These results indicate that MSI is able to detect early
CL alterations when histology cannot. Comparing the hip-
pocampal CL ratios for the CCI versus naive tissue sections,
the ranges (Table S2) were as follows: CL, 70 carbon cluster,
0.86–0.88 versus 1.00–1.01; CL, 72 carbon cluster, 0.75–0.88
versus 1.00–1.05; CL, 74 carbon cluster, 0.65–0.79 versus
1.00–1.05; CL, 76 carbon cluster, 0.68–0.78 versus 1.00–1.03.
Likewise, the decreases in thalamic CL ratios for the CCI
versus naive tissue sections were all significant (p < 0.05) and
yielded the following results: CL, 70 carbon cluster, 0.88–0.90
versus 0.98–1.00; CL, 72 carbon cluster, 0.83–0.87 versus
0.98–1.02; CL, 74 carbon cluster, 0.74–0.88 versus 0.98–1.00;
CL, 76 carbon cluster, 0.70–0.80 versus 0.95–0.98 (Figs 1a, 2,
and 3c and d). Here again, a ‘gradient’ effect was observed:
polyunsaturated CLs were affected more severely than CLs
containing saturated (SFA) andmonounsaturated fatty acids in
both the hippocampal and thalamic areas (Fig. 4c and d). A
comparison of p-values for individual CL species in CCI tissue
is shown in Figure S1.
The decreases seen in CL species on the ipsilateral side at

the site of impact, in an adjacent cortical region as well as in

the hippocampal and thalamic regions are further supported
by MS/MS data on CL clusters (Fig. 5b and d). MS/MS
analysis of the remaining 72:X and 74:X CL clusters on the
ipsilateral side of the CCI tissue indicated, as expected,
decreases in CL product ions which included 16:0 (m/z
255.2), 16:1 (m/z 253.2), 18:0 (m/z 283.2), 18:1 (m/z 281.2),
18:2 (m/z 279.2), 20:4 (m/z 303.2), 22:6 (m/z 327.2) fatty
acyl chains as well as intermediate phosphatidic acid (m/z
719.5, 699.5, 697.5, and 695.5) and lysoPA-H2O (m/z 439.2,
417.2, 415.2, and 389.2) fragment ions. These changes were
not evident in the naive samples (Fig. 5a and c).

MALDI imaging results for other phospholipid species in the

impact region, adjacent cortex, hippocampal, and thalamic

regions

PI species (m/z 883.5 and 885.5) displayed a significant
(p < 0.05) decrease in ipsilateral/contralateral ratios in CCI
tissue sections at the point of impact (Fig. 6 and Table S2)
similar to that described for CL (intensity ratio range for PI,
0.36–0.44 vs. 1.0–1.1). Naive tissue sections showed no such
changes. A significant decrease (p < 0.05) was noted for PI
species m/z 885.5 in the hippocampus (intensity ratio range
for CCI vs. naive 0.72–0.83 vs. 0.96–1.05), while a
significant decrease (p < 0.05) in PI m/z 883.5 species was
noted in the thalamus (intensity ratio range for CCI vs. naive
0.85–0.91 vs. 0.98–1.03). Neither of these decreases were as
robust as that seen for CLs. No significant changes in PI
intensity were noted in regions adjacent to the area of impact.
The major sulfatide species (m/z 806.6, 888.6, and 906.6,

Fig. 6 and Table S2), which are not normally abundant
outside the white matter, displayed no noticeable changes
(ipsilateral/contralateral) in the thalamic and hippocampal
regions in the CCI tissue sections. The major gangliosides
displayed only a decrease at the point of impact (Figure S2),
with ipsilateral/contralateral ratios below unity in some of the
tissue sections (see Table S2 for individual ipsilateral/
contralateral ratios). No other noticeable changes were
evident for ganglioside species in the hippocampal, thalamic,
and adjacent cortex regions.

Fig. 1 Matrix-assisted laser desorption/ionization mass spectrometry
(MALDI-MS) images and representative spectra of cardiolipin (CL) in

naive rat brain tissue (a): IMS negative ion mode heat maps of CL [M-
H]� species from an entire naive rat brain coronal section (spatial
resolution, 200 microns) treated with 1-ethyl-3-[3-dimethylaminopro-

pyl]carbodiimide hydrochloride-PLC (representative images from three
animals). Individual images for CL species include CL clusters 70:X,
72:X, 74:X, and 76:X indicating the total number of fatty acyl carbons

(70, 72, 74, or 76) and the total number of double bonds (:X). A
corresponding H&E optical image (scale bar = 1 mm) is shown with
region of interest including (A,A’) the left/right contusional region,
(cortex); (B,B’) an adjacent non-contusional region, (cortex); (C,C’) the

left/right hippocampus, and (D,D’) the left/right thalamus, respectively.
MALDI-MS images are displayed as relative intensities with respect to
the given CL species. (b) Representative average CL [M-H]� spectra

from total brain (intensity averaged from 2615 pixels), and ipsilateral
thalamus (156 pixels), contusional cortex (89 pixels), and hippocam-

pus (124 pixels). Representative heat maps for the CL (70:4) species
for the different anatomical areas are shown as relative intensities with
the region indicated. (c) (i) CL [M-H]� spectrum from liquid chromatog-

raphy-mass spectrometry (LC-MS) analysis of rat brain cortex
assessed within the same mass range as that presented for MALDI-
IMS; (ii) quantitation of CL clusters; and (iii) a stacked histogram

representing the number of possible CL species in each cluster
containing zero, one, two, three, and four polyunsaturated fatty acids in
their acyl chains. (d) H&E 49 optical image with zoom-in of represen-
tative regions at 109 including (1,2) right/left contusional cortex; (3,4)

right/left non-contusional cortex; (5,6) right/left hippocampus; and (7,8)
right/left thalamus, respectively. White scale bar = 100 microns.
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Fig. 2 Matrix-assisted laser desorption/ionization mass spectrometry
(MALDI-MS) images of cardiolipin (CL) in controlled cortical impact

(CCI) rat brain tissue (a). IMS negative ion mode heat maps of CL [M-
H]� species from an entire CCI rat brain coronal section (spatial
resolution, 200 microns) treated with 1-ethyl-3-[3-dimethylaminopro-

pyl]carbodiimide hydrochloride-PLC (representative images from three
animals). Individual images for CL species include CL clusters 70:X,
72:X, 74:X, and 76:X indicating the total number of fatty acyl carbons

(70, 72, 74, or 76) and the total number of double bonds (:X). A
corresponding H&E optical image (scale bar = 1 mm) is shown with

regions of interest including (A,A’) the ipsi/contralateral (right/left)
contusional region, (cortex); (B,B’) an adjacent non-contusional region,

(cortex); (C,C’) the ipsi/contralateral hippocampus; and (D,D’) the ipsi/
contralateral thalamus, respectively. The large blue arrow indicates the
point of impact for the CCI tissue section. MALDI-MS images are

displayed as relative intensities. (b) H&E 49 optical image with zoom-
in of representative regions at 109 including (1,2) contra/ipsilateral
contusional cortex; (3,4) contra/ipsilateral non-contusional cortex; (5,6)

contra/ipsilateral hippocampus; and (7,8) contra/ipsilateral thalamus,
respectively. White scale bar = 100 microns.
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Overall, these results indicate that the associated changes
in intensities of the various lipids in the CCI model are not a
generalized global effect on all lipids; rather, they are lipid
and regio-specific. Moreover, CLs displayed the most
pronounced TBI-induced regio-specific changes not only in
the zone of immediate impact (cortex) but also in other
anatomical areas – the hippocampal and thalamic ipsilateral
regions of the brain.

Ratiometric analysis of CL to mitochondria confirms CL loss
in the cortex contusional area as well as the hippocampus

and thalamus

To confirm that the loss of CL signal in the CCI-TBI model
was a result of insult rather than a change in the relative
distribution of individual CLs in mitochondria among
various anatomical areas of the brain, we performed ratio-
metric analysis of CL images relative to mitochondrial

Fig. 3 Species-specific cardiolipin (CL) loss in the ipsilateral cortex,
hippocampus, and thalamus in response to controlled cortical impact
(CCI). Average CL signals from areas on the ipsilateral side of a CCI-

traumatic brain injury section were divided by the average intensity of
the same ion on an identical area on the contralateral side for the (a)
contusional area (intensity averaged from 89 pixels per side), (b) an
adjacent non-contusional area of the cortex (89 pixels), (c) hippocam-

pus (124 pixels), and (d) thalamus (156 pixels). Ratios of CL signals

were plotted for individual CL [M-H]� species ordered from the species
most affected (i.e., greatest loss) to the species least affected (least
loss). Ratios approaching unity indicate little to no loss. CL clusters

containing 76 carbons (red), 74 carbons (yellow), 72 carbons (green),
and 70 carbons (blue) are shown. One-way ANOVA determined that the
between-groups p-value for different CL species was < 0.001 for each
region of interest except for the non-contusional cortex.
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abundance using immunohistochemical imaging of mito-
chondria from semi-serial sections. Ratiometric images in
naive rat brain tissue correlated very well with our imaging
mass spectrometry data, displaying little to no change in the
cortex contusional area (a), a cortical region adjacent to the
contusional area (b), the hippocampus (c), and thalamus (d)
among the various CL species (Figure S3). In contrast,
ratiometric images of CL in the CCI-TBI tissues displayed
lower CL/mitochondrial ratios in the cortex contusional area
(a), hippocampus (c), and thalamus (d), indicating less CL
signal as compared to the mitochondrial IHC signal on the
ipsilateral (damaged) side of the brain (Figure S4). CL/
mitochondrial ratios on the contralateral side remained
unchanged in these areas, confirming our finding that in
the CCI-TBI model, CL loss extends into the hippocampal
and thalamic areas on the ipsilateral side of the brain.

Discussion

This work presents, for the first time, a ‘biochemical map’ of
individual molecular species of CLs and their distribution in

several anatomical regions of normal and acutely injured
brain. Two major mitochondrial functions of CLs: (i)
structural in bioenergetics and (ii) signaling in coordinating
metabolism – may be fulfilled by different molecular forms
of CLs – homoacylated (mostly, tetralinoleoyl-CLs) and
heteroacylated [CLs containing highly PUFA residues such
as AA, eicosapentaenoic acid, docosahexaenoic acid (DHA)]
(Schlame et al. 1993; Tyurina et al. 2014). The latter is
achieved using CLs as a mitochondrial source of oxygenated
lipid mediators generated via peroxidation of CLs by cyt c
and subsequent hydrolysis of its oxidation products by Ca2+-
independent PLA2 (Tyurina et al. 2014). This pathway is a
Ca2+-independent alternative to a conventional mechanism of
the production of lipid mediators via the sequential action of
Ca2+-dependent PLA2 and oxygenation of the released free
PUFA by lipoxygenase/cyclooxygenase-driven enzymatic
reactions.
Acute brain injury, chronic neurodegenerative diseases, as

well as spinal cord injury have been known to rely on lipid
mediators, such as eicosanoids and docosanoids, as potent
regulators of inflammatory responses. Eicosanoids generated

Fig. 4 Trend line analysis comparing the loss of cardiolipin (CL) signal

in controlled cortical impact (CCI) tissue with the degree of CL
unsaturation in various brain regions. Ipsilateral to contralateral ratios
of CL signals were plotted versus number of double bonds contained in

the CL species for the (a) cortex contusional area, (b) an adjacent non-

contusional area of the cortex, (c) hippocampus, and (d) thalamus. A

trend line was generated for each of the four brain areas above. Slopes
(m) appear at the bottom of each graph. (a), (c), and (d) display
negative slopes indicating a greater loss of CL signal with an

increasing degree of unsaturation. Panel b displays little to no change.
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through the enzymatic oxidation of AA via cyclooxygenases,
lipoxygenases, and epoxygenases have potent effects on cell
death, inflammation, and the immune response (Saunders
et al. 1987; Murphy et al. 1994; Vane et al. 1998; O’Banion

1999; Kuhn and O’Donnell 2006; Phillis et al. 2006; Kim
et al. 2008; Spector 2009). In particular, AA and DHA are
released mainly by cytosolic phospholipase A2 or plasmalo-
gen-selective phospholipase A2, respectively (Demediuk

Fig. 5 Matrix-assisted laser desorption/ionization mass spectrometry

(MALDI-MS) images of the cardiolipin (CL) (72:X) and (74:X) clusters
in naive and controlled cortical impact (CCI)-traumatic brain injury (TBI)
rat brain tissue. MS/MS analysis was performed on the CL cluster (72:

X) centered around m/z 1448 for entire naive (a) and CCI-TBI (b) rat
brain tissue coronal sections (representative images from two animals
each, CCI and naive). A corresponding H&E optical image (scale
bar = 1 mm) is shown for naive and CCI-TBI tissue. Heat maps for [M-

H]� product ions of m/z 253.2, 255.2, 279.2, 281.2, 283.2, 303.2,
327.2, 415.2, 417.2, 693.5, 695.5, 697.5. 699.5, and 719.5 are shown
which correspond to fatty acyl fragments 16:1, 16:0, 18:2, 18:1, 18:0,

20:4, 22:6, LPA (18:2)-H2O, LPA (18:1)-H2O, PA (36:5), PA (36:4), PA

(36:3), PA (36:2), and PA (38:6), respectively. Spatial resolu-
tion = 200 microns. Arrow indicates the point of impact for the CCI
tissue section. MALDI-MS images are displayed as relative intensities.

MS/MS analysis was performed on the CL cluster (74:X) centered
around m/z 1476 for entire naive (c) and CCI-TBI (d) rat brain tissue
coronal sections. A corresponding H&E optical image (scale
bar = 1 mm) is shown for naive and CCI-TBI tissue. Heat maps for

fragments are the same as indicated above. Spatial resolu-
tion = 200 microns. Arrow indicates the point of impact for the CCI
tissue section. MALDI-MS images are displayed as relative intensities.

© 2016 International Society for Neurochemistry, J. Neurochem. (2016) 139, 659--675

Cardiolipin loss after traumatic brain injury 669



et al. 1985; Saunders et al. 1987; Hirashima et al. 1992;
Farooqui et al. 2000; Farooqui 2010). Free AA is either
incorporated into phospholipids by re-acylation or oxidized
by enzymatic/non-enzymatic mechanisms producing a vari-
ety of signaling mediators involved in gene transcription,
inflammation, oxidative stress, and neurodegeneration (Saun-
ders et al. 1987; Murphy et al. 1994; Wolfe et al. 1994;
Rapoport 1999; Farooqui et al. 2000; Lee et al. 2004;). On
the other hand, DHA is converted into resolvins and
neuroprotectins via 15-lipoxygenase-like enzymes (Hong
et al. 2003; Marcheselli et al. 2003). While the mechanisms
of formation of a variety of the AA and DHA precursors are
known, their phospholipid precursors as well as the subcel-
lular sites from which they originated (cytosolic vs.
mitochondrial or other organelles) are less clear. With regard
to this study, we report a loss of CL in the contusion which in
part may be because of physical damage. In addition, we also
suggest that, in the response to mechanical trauma, CL loss
in the cortex and more importantly in the hippocampus and
thalamus, may be a result of hydrolysis of various CL
precursors for further downstream signaling events.
Traditionally, previous studies in the area of TBI have

demonstrated a critical decrease in energy to the affected
tissue, resulting in decreased amounts of ATP production
allowing for an increased production of oxidative free
radicals within mitochondria (Lifshitz et al. 2003, 2004;
Robertson et al. 2004, 2006, 2007; Singh et al. 2006). The
resulting energy crisis has been supported by subsequent
studies demonstrating decreases in a variety of mitochondrial
enzymatic activities which ultimately affect the overall
structure and function of mitochondria.
Mitochondrial fate after TBI has been studied by several

groups and their results paint a clear picture of mitochondrial
biochemical demise. Robertson et al. (2004, 2006, 2007)

reported a decrease in the pyruvate dehydrogenase complex
activity as well as a decrease in cytochrome c content on the
damaged (ipsilateral) side of rat brains at 4 h post-TBI in a
CCI model. These findings were supported by other groups
which demonstrated decreases in respiratory control ratios at
3 h post-TBI with subsequent increases in ROS and
ultrastructural alterations in mitochondria which included
swelling, disrupted cristae, and outer mitochondrial mem-
brane rupture (Lifshitz et al. 2003, 2004; Robertson et al.
2007). As expected, less mitochondrial protein was present in
the contusional area as compared to the corresponding
contralateral area (Lifshitz et al. 2003, 2004). While the
hippocampal mitochondrial protein levels remained
unchanged between ipsilateral (impacted) and contralateral
sides of the brain tissue, ATP levels declined significantly in
the ipsilateral hippocampus (Lifshitz et al. 2003, 2004). A
portion of these hippocampal mitochondria appeared to
sustain damage, exhibiting swelling, ballooned membranes,
and a reduced mitochondrial permeability transition pore
sensitivity to Ca2+ (Lifshitz et al. 2003, 2004; Werner and
Engelhard 2007; Prins et al. 2013). Indeed, many forms of
TBI result in increased levels of Ca2+, with excessive
mitochondrial sequestration of this cation ultimately leading
to the opening of the mitochondrial permeability transition
pore, swelling and eventual outer mitochondrial membrane
rupture and loss of cyt c (Robertson et al. 2004).
Since mechanical trauma has been associated with a

decrease in ATP production, this will more than likely affect
acyl chain turnover in the brain. Acyl-CoA-dependent
remodeling is a highly energy-dependent process whereby
approximately 25–30% of this tissue’s energy expenditure is
utilized for the maintenance of this biochemical process
(Contreras et al. 2000; Rapoport 2001; Rapoport et al. 2002;
DeMar et al. 2004; Igarashi et al. 2007; Lee et al. 2008;

Fig. 6 Matrix-assisted laser desorption/ionization mass spectrometry
(MALDI-MS) images of the major phosphatidylinositol (PI) and
sulfatide species from rat brain tissue. Imaging mass spectrometry

negative ion mode heat maps of the major PI and sulfatide species in
naive (a) and controlled cortical impact (CCI)-traumatic brain injury
(TBI) (b) rat brain tissue sections treated with 1-ethyl-3-[3-dimethyla-
minopropyl]carbodiimide hydrochloride-PLC (representative from three

animals each, CCI and naive). A corresponding H&E optical image

(scale bar = 1 mm) is shown for both naive and CCI-TBI tissue.
Anionic lipid [M-H]� species include sulfatide (ST) 18:0, m/z 806.6; ST
(20:0), m/z 834.5; ST (24:1), m/z 888.6; ST (24:0), m/z 906.6; PI (38:5),

m/z 883.5; and PI (38:4), m/z 885.5. Arrow indicates the point of impact
on the CCI tissue. *Indicates m/z 834.5 is isobaric with a PS (40:6)
species. Spatial resolution = 200 microns. MALDI-MS images are
displayed as relative intensities.
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Rapoport 2008). In addition to acyl chain turnover, increased
energy expenditure may also be necessary for downstream
lipid signaling (Bazan 2005; Chen and Bazan 2005; Lukiw
and Bazan 2008). Indeed, energy expenditure is necessary for
mitochondrial and cellular bioenergetics, metabolism, and
signaling (Mitchell and Hatch 2009; Taylor and Harch 2009;
Xu et al. 2010; Taylor et al. 2012; Mejia et al. 2014a,b,
2015; Mejia and Hatch 2016) which are comprised of a
number of specific and irreversible chemical reactions.
However, CL remodeling by tafazzin is both non-specific
and reversible, producing only a minimal drop in free energy
making this reaction essentially energy independent (Sch-
lame et al. 1993, 2013). In addition, the literature indicates
that the turnover of CL is slower than that of other
phospholipids (Xu and Schlame 2014), such that substantial
loss because of turnover within a 3 h post-CCI time period
would be unlikely. Thus, the loss in CL as reported in this
study may be the prelude to decreased ATP production,
ultimately affecting overall lipid biosynthesis and remodeling
at later time points.
Herein, we have described a mass spectrometric imaging

study which investigated the changes in the critical mito-
chondrial phospholipid, CL, in a CCI model of TBI. With
CL’s intimate connection to mitochondrial bioenergetics,
physiology, and structure, we provide evidence, for the first
time, of regio-specific CL changes. Significant CL decreases
occurred not only within the contusional area but also
extended well beyond the area of impact into the hippocam-
pus and thalamus following CCI. Phosphatidylinositol dis-
played significant decreases, although its changes in the
hippocampal and thalamic regions were not as dramatic as
compared to CL. Remarkably, signals for gangliosides,
sulfatides, PC, and sphingomyelin (SM) remained essentially
unchanged in the hippocampal and thalamic regions. Since
our CL imaging protocol did not involve scanning in the m/z
range below 400 to avoid potential low-mass matrix clusters
and utilized PLC and EDC treatment of the tissue for CL
visualization, we cannot rule out changes in cholesterol or
plasmalogen species in response to TBI at later time points.
Imaging of PC and SM lipids in positive mode provided two
intriguing findings. First, sodium adducts of PC displayed an
increase in the area of impact, whereas potassium adducts of
the same PC species displayed a concomitant decrease (data
not shown). The same held true for the SM species. These
changes in the cortical impact area are in agreement with a
previous study, whereby changes in PC adduct formation
were noted in a mass spectrometric imaging study (Hankin
et al. 2011). These findings most likely reflect neuronal
depolarization and the resultant disrupted ionic equilibrium
that occurs on the post-synaptic membranes in the contu-
sional area, which drastically influences Na+, K+, and Ca2+

fluxes, likely causing a redistribution of lipid adduct ions.
Previous mass spectrometric imaging studies have pro-

vided essential information on the spatial distribution of

various (non-cardiolipin) lipid species in response to blast
injury and ischemia/reperfusion injury (Hankin et al. 2011;
Woods et al. 2013). In the study assessing lipid changes in
response to blast-induced ‘mild’ TBI, major increases in
ganglioside GM2 were noted in the hippocampus, thalamus,
and hypothalamus after a single blast exposure (Woods et al.
2013). Changes were seen as early as 2 h. On the other hand,
a concomitant decrease in ceramides was also noted in the
same study. Mass spectrometric imaging studies by Hankin
et al. (2011) demonstrated changes in lysophosphatidyl-
choline, PC, PE, and SM that were specific to their adduct
ions in response to ischemia/reperfusion injury in the brain.
In an elegant study by Roux et al. (2016), the authors
utilized an implanted silver nanoparticle protocol to image rat
brain lipids over time in a CCI model of TBI. While CL was
not assessed by this method and longer time points post-TBI
were chosen (1, 3, and 7 days), their results indicated that
increases in SM and ceramide were noted as early as 1 day
post-TBI in the injured cortex. Their region of interest was
defined by pixels that differed significantly from control
when comparing the same lipid species. This region of
interest included the cortical impact site and regions
immediately adjacent to this. In addition, changes in
diacylglycerols (increases in six species), cholesteryl esters
(increases in eight species), PE (decreases in three species),
PI (decrease/increase in one species), and sulfatides (de-
crease, one species) were noted at later time points (day 3
and 7 post-TBI). Thus, losses in CL at the 3-h time point as
determined in this study may constitute an early response
mechanism to TBI.
One possibility for the loss in CL and PI signals could be

related to their potential for lipid oxidation in the presence of
mitochondrial ROS generated following TBI because of the
overall high degree of unsaturation present in their fatty acyl
chains. This characteristic of CL and PI lipid species make
them extremely susceptible to ROS attack and potential
degradation. However, in this scenario, one would also
expect other unsaturated lipid species to be prone to signal
loss, however, this was not observed. While oxidation/
degradation may contribute in part to loss of signal, cleavage
of potential oxygenated PUFAs of CL, as potential mito-
chondrial lipid signals in response to TBI, may also be
involved. Such a role for the generation of novel CL signals
in mitochondria has already been reported in a cyt c/H2O2

model system (Tyurina et al. 2014). In this study, it was
demonstrated that using brain CLs, a significant variety of
lipid mediators could be generated by the cyt c-catalyzed
oxygenation process. Specifically, eight well-known linoleic
acid-based and nine AA-based lipid mediators were gener-
ated by cyt c/H2O2 from brain CLs. In a similar manner, PI
loss (via head group modification and cleavage), having
already been established as a traditional signaling cascade,
may contribute to lower intensities of this lipid in the CCI
model system. Indeed, several studies have demonstrated the

© 2016 International Society for Neurochemistry, J. Neurochem. (2016) 139, 659--675

Cardiolipin loss after traumatic brain injury 671



critical role of the phosphatidylinositol-3-kinase/Akt signal-
ing pathway as a cell survival mechanism that is activated in
the injured brain after TBI (Brazil et al. 2002; Iadecola and
Anrather 2011; Chen et al. 2012). Thus, degradation of CL
and PI via oxidation and specific cleavage of the oxidatively
derived products functioning as upstream signaling mole-
cules (either as damage sensors and/or as self-protective
signals promoting neuronal survival) may both contribute to
the overall loss of these lipid species as assessed by MS
imaging in a CCI-TBI model system.
In conclusion, we have demonstrated, for the first time,

regional/spatial CL decreases not only within the contusional
area but also in the hippocampal and thalamic regions,
distant from the site of injury in an established and well-
characterized CCI model system of TBI. The decreases are
not a generalized effect on all lipids; rather, they are confined
predominantly to CL and PI. The specific decreases in CL,
which ultimately will affect ETC function and mitochondrial
architecture, are most likely key effectors of the decrease in
various ETC enzymatic activities, the loss of cytochrome c,
and the decrease in ATP production. While degradation of
CL and PI via oxidation of their polyunsaturated fatty acyl
chains by ROS may contribute to their subsequent loss,
cleavage of these oxidized lipids as potential sources of lipid
mediators should also be considered as an additional
underlying mechanism that is activated as a self-protective/
signaling response to traumatic brain injury. Future improved
technologies will afford better resolved spatial resolution
along with direct detection of oxygenated CL species and
their signaling products.
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